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Abstract
There is currently a global energy crisis, which is in desperate need of solutions. New energy
sources are required that will not pollute as much as our longstanding reliance on nonrenewable
fossil fuels as an energy source. This pollution involves large amounts of greenhouse gas
emissions, predominantly carbon dioxide (CO2), that contribute to environmental problems such
as climate change. In this context, a fairly recent research direction to address this problem is the
development of transition metal catalysts that can convert CO2 into reduced carbon products that
can serve as chemical fuels. This work focuses on the synthesis and evaluation of mononuclear
and dinuclear ruthenium-based molecular catalysts and the exploration of ligand substitution and
the trans effect to increase the efficiency of self-sensitized photocatalytic CO2 reduction to
carbon monoxide (CO). While we were not able to synthesize the target dinuclear ruthenium
catalyst, we deduced that the mononuclear catalyst exhibited qualities consistent with a weak-tomoderate trans effect as we saw increased turnovers (TON) for photocatalytic CO2 reduction
with some added ligands such as pyrazine. Additionally, we attempted to synthesize a new series
of tetradentate ligands that would extend the conjugation of a previously reported bipyridinebased ligand containing N-heterocyclic carbene (NHC) donors as a strategy to increase the
efficiency of CO2 reduction of catalysts prepared from these ligands. However, this synthesis
project is still ongoing due to synthetic challenges that are being navigated.
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Introduction
While every molecule plays a vital role in the ecosystem, carbon dioxide (CO2) is one of
the most important due to its usage by plants, algae, and cyanobacteria to produce chemical
energy via natural photosynthesis. This makes CO2 critical as these organisms are not only an
important step in the food chain, but they also produce oxygen for us to breathe. 1 Yet, there is an
increasing global problem concerning CO2 as human processes such as deforestation and the
burning of fossil fuels like coal, oil, and natural gas increase.2 This increase in global CO2 levels
has led to detrimental effects in the environment including ocean acidification, melting of polar
ice caps, and rising sea levels (Figure 1).3

Figure 1: This figure depicts the drastic increase in atmospheric CO2 levels (in ppm) in the
recent past compared to the last 800,000 years in Earth’s history, which includes ice ages and
warmer interglacial periods.4
1

As the human population continues to increase and technology evolves that requires more
energy, global energy consumption has increased dramatically.5,6,7 However, most energy
production involves fossil fuel combustion that creates harmful atmospheric gases. In addition,
fossil fuels are nonrenewable and are limited in regards to their quantity. Meanwhile, clean and
renewable energy sources such solar, wind, hydroelectric, and geothermal are not as commonly
used as fossil fuel sources and only make up about 8% of the energy consumption in the U.S. and
about 14% of the energy requirements for the world (Figure 2).8 This is due to the high cost and
often low efficiency in utilizing and storing renewable energy and the lack of infrastructure to
conveniently use these intermittent resources. New technologies and catalysts are needed to
effectively capture, convert, and store renewable energy sources as economically as possible.5,6,7

Figure 2: This figure demonstrates the increase in global energy consumption from 1965 to 2019
in terawatt-hours with respect to different energy sources.9
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Because the level of energy consumption is set to only increase, CO2 will continue to be
produced at an exponential level and further exacerbate the consequences of melting ice caps,
ocean acidification, and so on. Thus, a replacement for fossil fuel energy sources is needed that
are not only able to efficiently provide energy but that are carbon-neutral to help reduce the
harmful impact of energy consumption. Carbon dioxide is the most oxidized form of carbon. By
reducing CO2 back into a reduced state, chemical energy can be stored in the form of chemical
bonds. Because plants, algae, and cyanobacteria naturally complete this process (the reduction of
CO2) using sunlight to drive the reaction, a similar process to natural photosynthesis can be used
in the production of industrial or large-scale carbon-based fuels. The CO2 produced by using the
renewable carbon-based fuels can then be captured and converted back into a reduced form using
sunlight to be used again. Therefore, atmospheric CO2 does not increase as any CO2 created is
not emitted into the atmosphere but is simply captured and converted back into a reduced form to
begin the process anew. The chemical fuels formed by CO2 reduction are termed carbon-neutral
for this reason.

3

Artificial Photosynthesis
Natural photosynthesis is the process by which green plants and some autotrophs
undertake in which they absorb sunlight and use the energy to convert CO2 and water into O2 and
organic molecules such as glucose. This overall reaction (Figure 3) takes place in lightdependent and light-independent processes. There are two Photosystems where light-dependent
reactions occur in which energy from sunlight is harnessed to oxidize water into O 2
(Photosystem II) and where sunlight is used to drive the reduction of NADP+ to NADPH
(Photosystem I). Subsequently, in a light-independent reaction, NADPH and ATP produced from
the electrons and protons released during water oxidation are utilized in the Calvin cycle to
reduce CO2 into organic compounds.10 One notable part of this latter reaction is the electron
transfer from the electron carrier NADPH to CO2 which allows for the reduction of CO2 into
intermediate G3P to be converted into other organic molecules. This work derives inspiration
from natural photosynthesis by creating a catalyst capable of reducing CO2 to value-added
reduced carbon products using direct light in an efficient manner.

Figure 3: This figure shows the process of photosynthesis in a green plant’s chloroplast.7
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By substituting the electron carrier (NADPH/NADP+) in natural photosynthesis with a
reduced transition metal catalyst, we can reduced CO2 photocatalytically as a part of a process
called artificial photosynthesis. The catalysts discussed herein can ultimately be paired with a
water oxidation catalyst to complete to overall transformation of CO2 and H2O into reduced
carbon products and O2 using sunlight as the energy input.11,12

5

The Reduction of CO2
Carbon dioxide reduction occurs when electrons are donated to carbon dioxide from an
external source, which often results in the loss of one or both oxygen atoms attached to the
carbon as shown in Figure 4. With carbon being the base element for every organic compound,
the products of CO2 reduction are endless, but some very common products include CO, formic
acid (HCOOH), methanol (CH3OH), and methane (CH4). A number of these products derived
from CO2 reduction can be used directly as a fuel by combustion, or in the case of carbon
monoxide, the Fischer-Tropsch process can be used to manufacture long-chain hydrocarbons.13

Figure 4: This figure shows a simplified mechanism of reducing carbon dioxide into various C1
products, such as formic acid, carbon monoxide, formaldehyde, methane, and methanol.14
The reduction potentials of various CO2 reduction products are an important factor to
note as catalyst selectivity is a major challenge, particularly in regards to the competitive
reduction of protons to dihydrogen. Thus, a more positive redox potential will indicate the
reaction is thermodynamically more favorable to proceed while a more negative reaction implies
the reaction requires a large amount of energy input for it to proceed, thus thermodynamically
6

less favorable.15 As can be seen in Table 1, the conversion of CO2 to CO is a relatively
demanding process with a reduction potential of -0.52 V and is more difficult to achieve
thermodynamically than the conversion of CO2 to CH4 which has a reduction potential of -0.24
V.16 However, due to the fact that the production of methane requires 8 protons and 8 electrons
in comparison to the 2 protons and 2 electrons required for CO production, the latter reaction is
much more kinetically favored, making it the more common product.

Table 1: This table displays the reduction potentials of various CO2 reduction reactions and for
proton reduction to H2 at pH 7 (E0’ is in V vs NHE).16
Additionally, from Table 1, it is important to note that a catalyst must be selective for
CO2 reduction to CO (or another reduced carbon product) over the proton reduction which
occurs at a potential that is 0.11 V less negative. Both reactions involve 2 protons and 2 electrons
and have similar reduction potentials, which make product selectivity a formidable challenge.
Furthermore, the catalyst must be able to perform proton-coupled electron transfer (PCET) steps,
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similar to the steps that occur in natural photosynthesis, in order to avoid unwanted radical
species such as the highly reactive and unstable CO2•– species.17
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Photocatalysis and the Trans Effect
Photocatalysis is the light-induced acceleration of a reaction using a catalyst. In this
process, light is absorbed by a chromophore and the photocatalytic activity depends on the
catalyst’s ability to generate the excited electron for reductive chemistry or the resulting hole for
oxidative chemistry before the excited state decays back to the ground state.18 In recent years,
this strategy has been employed with transition metal catalysts in the presence of a sacrificial
electron donor as a method for reducing CO2 using light energy.

Figure 5: This figure shows two different photocatalytic systems for CO2 reduction: a selfsensitized system (left) and a system using an added chromophore, or photosensitizer, that
handles the light absorption requirement (right).19
As can be seen in Figure 5, a non-sensitized (or self-sensitized) process begins by visible
light absorption by a catalyst that excites one of its electrons to a higher energy state. This
typically allows reduction of the excited catalyst by a sacrificial electron donor, in a reductive
quenching pathway. The reduced catalyst now has the ability to react with CO 2 and undergo
successive light absorption and reductive quenching cycles to transfer additional electrons to
9

form desired products. The necessary protons for CO2 reduction are usually supplied by an added
proton source to the solution such as water. The final step involves release of the product from
the metal center to regenerate the catalyst. Generally, a photosensitizer has delocalized π systems
that can lower the energy of the lowest unoccupied molecular orbital (LUMO). Therefore, in a
sensitized process, when the photosensitizer is activated by a photon source, the excited state will
be quenched by sacrificial electron donors such as 1,3-dimethyl-2-phenyl-2,3-dihydro-1Hbenzo[d]imidazole (BIH) and triethylamine (TEA). This will then allow the reduced
photosensitizer to transfer an electron to the catalyst which in turn reduces CO2. The most
important requirements of a photosensitizer are to have absorb solar irradiation strongly to give a
sufficiently long-lived excited state that can be efficiently quenched by a sacrificial electron
donor and to have the ability to efficiently transfer electrons to the catalyst.
The bulk of this study is centered around the investigation of a ruthenium-based catalyst
and observing the effect of added ligands on the photocatalytic activity for CO2 reduction. The
Ru complex that we synthesized is supported by a tetradentate macrocyclic ligand and has an
octahedral geometry with acetonitrile solvent molecules occupying the axial positions, trans to
one another.19 Potential ligands were added to the reaction solution which could possibly
undergo ligand exchange with an acetonitrile donor under reducing conditions to modulate the
reactivity of the opposing labile coordination site where CO2 reduction is expected to occur. The
trans effect is the ability of a ligand to increase the rate of ligand substitution when placed in the
trans position to the departing ligand. This implies it is a kinetic effect that improves the rate of
the reaction.20 In this case, we hypothesized that the trans effect could enhance CO2 reduction by
labilizing the acetonitrile to open a coordination site for CO2 binding or by facilitating the release
of CO product during catalysis.
10

Figure 6: This figure represents the mechanism of the trans effect.20
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Previous Works
Transition metals are capable of forming coordination complexes in which a ligand (or
ligands) binds to the central metal atom via coordinate covalent bonds in a Lewis acid-base
reaction. This characteristic of transition metals, along with their ability to access multiple redox
states due to their ability to lose/gain multiple electrons at relatively similar energies, allows
them to perform the catalytic reactions, such as CO2 conversion to CO and other reductions.21
Numerous early-to-late transition metal catalysts based on Mn, Fe, Co, Ni, Ru, Re, Ir, and more
have been synthesized with varying ligand frameworks and have been widely studied in recent
years.22-23 Some transition metal catalysts do not have the capability to photochemically reduce
CO2 on their own in an efficient manner and thus require an external photosensitizer to absorb
the light and initiate the reaction by transferring electrons to the catalyst. 24 One of the best
known photosensitizers discovered is [Ru(bpy3)]2+ which has a long-lived triplet excited state
and when coupled with an appropriate transition metal catalyst often gives excellent results.25,26
The sensitized system relies on electron transfer from the sensitizer to the catalyst, and the
efficiency of this process is important for the catalytic process. In a non-sensitized system, an
independent electron transfer process is not required as the catalyst directly absorbs the light and
gets reduced by a sacrificial electron donor, thereby improving the catalytic efficiency as a whole
by reducing the number of bimolecular electron transfer events that are necessary. In its reduced
state, the catalyst is able to activate and reduce CO2.
In a recent study published by Papish and coworkers, a series of ruthenium pincer
complexes were synthesized and tested for photocatalytic reduction of CO2 without the use of a
photosensitizer. They found phenyl wingtip pincer complexes with benzimidazoles, along with
the incorporation of a bipyridine ligand into the catalyst, generated rapid initial catalysis with
12

great overall results. Their catalyst (2B in Figure 7) was classified as one of the fastest, most
durable, and active self-sensitized catalysts for CO2 reduction in the literature at the time.27 Our
study focuses on the synthesis of ruthenium complexes and its application as a self-sensitized
photocatalyst for CO2 reduction, meaning an additional photosensitizer was not added to carry
out the reaction.

Figure 7: This figure depicts two of the catalysts synthesized from the bisbenzimidazolium salt
by Papish and coworkers.27

Figure 8: This figure provides the TON for CO production as a function of time for the various
catalysts studied by Papish and coworkers with catalyst 2B as the best system.27
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In a study conducted in 2018 by Masaoka and coworkers, they showed an example of a
ruthenium complex able to function as a photosensitizer and a catalyst for CO2 reduction. Their
complex, shown in Figure 9, demonstrated some of the highest turnover numbers and
frequencies known at that time (TON = 353 and TOF = 14.7 h-1). It was determined that the
phosphine donor attached to the ruthenium center destabilizes the bond between the Ru and
solvent by sigma donation, stabilizing the bond between Ru and the coordinated CO2 via π-backdonation. This allowed for the catalyst to react more efficiently with the CO2 and reduce it to
CO, demonstrating how the trans effect can enhance catalysis in such complexes.28

Figure 9: This figure depicts the ruthenium complex used by Masaoka and coworkers.28
Recently a promising series of tetradentate ligands for electrocatalytic and photocatalytic
CO2 reduction has been reported by our group which contains a redox-active core that has the
ability to accept or donate electrons and two electron-rich N-heterocyclic carbene donors.29,30 The
most rigid macrocycle (L3) which is a 15-membered macrocycle was highly selective towards
CO formation with both nickel and cobalt metal centers.29,30,31 A structure-activity relationship
was established across both the Ni and Co series where the non-macrocyclic derivatives 1-Ni and
1-Co feature an initial metal-localized reduction while the initial reduction of the most rigid
14

macrocycles 3-Ni and 3-Co is ligand-localized based on density functional theory (DFT)
electronic structure calculations. The interplay of metal- and ligand-based reductions was shown
to be important for the observed selectivity for CO2 reduction over the competing proton
reduction reaction.29,30,31 It was proposed that an initial metal-based reduction enabled formation
of a metal-hydride intermediate which then entered the catalytic cycle for proton reduction to
hydrogen gas.

Figure 10: This figure gives the three nickel complexes reported by Jurss and coworkers.29

Figure 11: This figure shows the cobalt complexes reported by Jurss and coworkers for the CO2
reduction reaction.30
Given this research, we hypothesized that the substitution of Ru for the Ni or Co in this
case would result in similar effects. Therefore, we decided to synthesize 3-Ru using the

15

macrocyclic ligand reported earlier in order to test the applications of the trans effect and ligand
substitution. We reasoned that ligand substitutions affecting the electron density of the central
metal atom should alter the reduction efficiency of the catalyst.
The second part of this project aims to increase the conjugation of the bipyridine
fragment of the tetradentate ligands and study its effect on the energetics for CO2 reduction. It
was previously reported by Chang and coworkers using a Ni pyridyl-N-heterocyclic carbene
complex that was able to electrochemically reduce CO2 to CO with high selectivity over the
competing water reduction reaction. In an extended study, they synthesized as series of 2 nd
generation catalysts by simply increasing the conjugation either on the pyridine or NHC donors.
The effect of increasing the conjugation of the pyridine donors proved to be the best which gave
the lowest cathodic onset potential for CO2 reduction in electrochemical studies. This catalyst
was used with a photosensitizer (Ir(ppy)3) for solar-driven CO2 reduction and yielded TONs as
high as 98,000 with no detectable formation of H2. With this in mind, we assumed that
increasing the conjugation on the bipyridine fragment of the tetradentate ligands would lower the
reduction potential and increase the catalytic efficiency and potentially the TONs.32

16

Materials and Methods
All compound synthesis was completed in an inert N2 atmosphere using standard Schlenk
techniques, unless otherwise mentioned. Ag2O, triethylamine (which was purified in the
laboratory using a distillation technique), and tetra-n-butylammonium chloride were purchased
from Chem-Impex Int’l. Inc. [Ru2(p-cymene)Cl2]2 was purchased from Oakwood Chemical.
AgPF6 was purchased from BeanTown Chemical. Pyridine and DMF were purchased from VWR
Chemicals BDH®. Tetrabutylammonium cyanide was purchased from Sigma-Aldrich. Pyrazine
was purchased from Matrix Scientific. Anhydrous acetonitrile solvent and BIH were prepared in
the laboratory. All centrifuge tasks were performed for 22 minutes at 4000 rpm using a
ThermoScientific Heraeus Megafuge 16R Centrifuge. NMR spectra were obtained using a
Bruker Advance DRX-400 spectrometer operating at 400 MHz. A PerkinElmer Clarus 680 Gas
Chromatograph was used for the analysis of all evolved gases during photocatalysis.
Photocatalysis was performed using 19 mL, 16×125 mm Pyrex tubes. The light source for
photocatalysis was supplied with a ThorLabs MNWHL4 - 4900 K, 740 mW (Min) Mounted
(white) LED, 1225 mA set to 80 mW using a ThorLabs LEDD1B - T-Cube LED Driver, 1200
mA Max Drive Current. Thin layer chromatography (TLC) was completed using Sigma T-6145
pre-coated TLC Silica gel polyester sheets and visualized with a UV lamp.
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I.

Synthesis and Photocatalysis of 3-Ru

Figure 12: This figure summarizes the synthesis of 3-Ru.
L3 was synthesized using the procedure developed by Jurss and coworkers.37 Ligand L3
(0.1170 g, 0.19 mmol) was mixed with Ag2O (0.3493 g, 1.505 mmol) along with 10 mL
anhydrous acetonitrile solvent. After mixing for 24 hours at 45 °C, the reaction mixture was
taken out and centrifuged. Upon completion, [Ru2(p-cymene)Cl2]2 (0.583 g, 0.095 mmol) was
added to the supernatant and stirred under N2 for 24 hours at 45 °C. After 24 hours, the solution
was centrifuged again. AgPF6 (0.051 g, 0.19 mmol) was added to the supernatant and once again
stirred under N2 for 24 hours at 45 °C. Finally, the solution was centrifuged once more and
purified through a Sephadex column, separating the products based on size. The 1H NMR
(Figure 13) was taken and compared with a known 1H NMR spectrum of 3-Ru to ensure the
desired product was formed. 1H NMR (300 MHz, DMSO): δ 8.79 (d, J = 8.1 Hz, 2H), 8.30 (t, J =
8.0 Hz, 2H), 7.95 (d, J = 7.9 Hz, 2H), 7.77 (d, J = 2.1 Hz, 2H), 7.69 (d, J = 2.1 Hz, 2H), 6.60 (s,
2H), 5.97 (s, 4H), 1.87 (s, 6H).

18

Figure 13: This figure shows the 1H NMR spectrum of 3-Ru in d6-DMSO.
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Figure 14: This figure depicts the calibration curve that was produced with known
concentrations of CO in order to quantify unknown concentrations of CO during photocatalysis.

Before analyzing the products from photocatalytic CO2 reduction, the gas chromatograph
(GC) was calibrated for CO using known, increasing concentrations of CO. The CO standards
were analyzed by integrating the area associated with the CO signal as measured by the gas
chromatograph to create a calibration curve. The curve is shown in Figure 14, and the slope of
this calibration curve, 33.75, was used in the calculation of TON for each sample. In order to
study the effect on photocatalysis of added ligands to the solution of 3-Ru, a baseline was first
established to know the photocatalytic activity of 3-Ru without added ligand following the
standard conditions of 0.1 mM 3-Ru + 5 mg BIH + 0.1 mL TEA + 0.2 mL H2O (10%) + 3 mL
acetonitrile. In order to create this sample, 1.9 mL of acetonitrile is first added into a glass
20

reaction tube along with a 3×15 mm stir bar and the solution level was marked. Then, the
remaining 1.1 mL acetonitrile is added along with 3-Ru, BIH, and milliQ purified H2O, carefully
ensuring nothing sticks to the side of the tube. The tube is quickly sealed with a rubber septum
and wrapped with parafilm to ensure gas does not leak out. The tube is then wrapped with
aluminum foil so that light does not enter and begin the reaction early. The solution is bubbled
with CO2 for around 20 minutes with the syringe directly inserted into the solution until the 1.9
mL mark is reached. Then, 0.1 mL of triethylamine (TEA) is added and the tube is quickly
transferred to the LED light source. The reaction is run for at least 24 hours, taking GC injections
by extracting 0.15 mL of gas from the tube, compressing it to 0.1 mL, and releasing under
diethyl ether in order to normalize the pressure, at 10 min, 30 min, 1 hour, 2 hours, 4 hours, and
24 hours. The area under the CO signal of the gas chromatogram is recorded and used to
calculate the TON using Equation 1. This process is repeated for each run; however, 0.1 mM of
ligand is added when investigating the trans effect with different ligands, with variations in the
type of solvent used and ligand concentration also explored. The additional ligands used were
triphenylphosphine

(PPh3),

pyridine

(Py),

tetra-n-butylammonium

chloride

(Bu4NCl),

tetrabutylammonium cyanide (Bu4NCN), pyrazine (Pz), and pyrimidine. An additional solvent
used for comparison was DMF. Each run was performed twice in order to achieve reproducible
data.

Equation 1: This equation shows how the turnover number (TON) of products formed for a
given amount of catalyst was calculated.
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II.

Synthesis of 6,6’-bis(bromomethyl)-2,2’-biisoquinoline

Figure 15: This reaction scheme shows the planned pathway to synthesize 6,6’bis(bromomethyl)-2,2’-biisoquinoline. The first four steps have been previously reported.33,34
N-benzyl-diethoxyacetamide (A): 1-phenylethylamine (0.50 g, 4.1 mmol) was dissolved
in 15 mL dry CH2Cl2 (DCM) and was carefully treated with trimethylaluminum (4.1 mL, 4.1
mmol) and stirred at 25 °C for 15 minutes. This was followed by addition of ethyl
diethoxyacetate (0.67 g, 4.1 mmol) and the resulting reaction mixture was stirred at 25 °C for 20
h. The reaction mixture was quenched with 1 M HCL followed by an extraction with DCM. The
organic phase was separated and dried over Na2SO4 and concentrated in vacuo to yield an oily
product which was further dried in vacuum oven overnight to give a 92% yield. 1H NMR (300
MHz, DMSO) δ 8.16 (d, J = 8.3 Hz, 1H), 7.34 – 7.26 (m, 4H), 7.26 – 7.17 (m, 1H), 5.73 (s, 1H),
4.95 (p, J = 7.1 Hz, 1H), 4.73 (s, 1H), 3.55 (dq, J = 14.3, 7.1 Hz, 4H), 1.39 (d, J = 7.1 Hz, 3H),
1.14 (td, J = 7.0, 5.1 Hz, 6H).
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1-methylisoquinolin-3-ol (B): 5 mL of concentrated H2SO4 was taken in a two-neck
round bottom flask and cooled to 10 °C followed by addition of N-benzyl-diethoxyacetate (0.90
g, 3.6 mmol) over 1 hour. The temperature was maintained at 10 °C throughout the addition
process. The reaction mixture was further stirred at room temperature for 10 h. Then, the mixture
was poured onto ice (10 g) and filtered. After filtration the solution was neutralized with 20%
NH3 solution. The yellow precipitate was filtered off, washed with water, and dried under
vacuum. Finally, the pure product was recrystallized from ethanol to yield l-methylisoquinolin-3ol (90%). 1H NMR (300 MHz, CDCl3): δ 7.81 (d, J = 8.7 Hz, 1H), 7.49 (d, J = 8.5 Hz, 1H), 7.46
– 7.39 (m, 1H), 7.19 – 7.10 (m, 1H), 6.75 (s, 1H), 2.92 (s, 3H).

1-methylisoquinolin-3-yl-4-methylbenzenesulfonate

(C):

l-methylisoquinolin-3-ol

(0.50 g, 3.14 mmol) was suspended in 5 mL pyridine and 4-toluenesulfonyl chloride (TsCl) (0.85
g, 4.46 mmol) was added portion-wise over 30 minutes. After dissolution, 0.8 mL of MilliQ
purified water was added and stirred at 45 °C for overnight under air. The product solution was
diluted with 80 mL water and was neutralized with 10% Na2CO3 solution followed by filtering
the precipitate, washing with water and drying. Recrystallization from chloroform/hexane
yielded 1-methylisoquinolin-3-yl-4-methylbenzenesulfonate (71%).

1

H NMR (300 MHz,

CDCl3): δ 8.08 (d, J = 8.4 Hz, 1H), 7.92 (d, J = 8.3 Hz, 2H), 7.81 (d, J = 8.2 Hz, 1H), 7.68 (t, J =
7.0 Hz, 1H), 7.57 (t, J = 7.6 Hz, 1H), 7.38 – 7.31 (m, 3H), 2.82 (s, 3H), 2.46 (s, 3H).

1,1’-dimethyl-3,3’-biisoquinoline (D): A solution of Ph3P (2.36 g, 9 mmol) and
NiCl2•6H2O (0.52 g, 2.2 mmol) in DMF (10 mL) was heated to 50 °C under N2, and Zn powder
(0.15 g, 2.2 mmol) was added. After 1 hour, l-methylisoquinolin-3-yl p-toluenesulfonate was
added, and the solution was stirred at 50 °C for 6 hours. The solution was cooled to room
23

temperature, and 5% NH3 solution (40 mL) was added. Until it turned light blue, the mixture was
flushed with air and filtered, washing the solid with H2O and suspending it in 20% HCl solution
(4 mL). The suspension was stirred with Et2O (4 mL). After filtering, the solid was washed with
water and acetone and stirred overnight in 20% NH3 solution (5 mL). It was once again filtered,
dried and recrystallized from CHCl3 to give 1,1'-dimethyl-3,3'-biisoquinoline (70%). 1H NMR
(300 MHz, CDCl3): δ 8.72 (s, 2H), 8.07 (d, J = 8.3 Hz, 2H), 7.91 (d, J = 8.1 Hz, 2H), 7.61 (t, J =
7.2 Hz, 2H), 7.51 (t, J = 7.7 Hz, 2H), 3.03 (s, 6H).

1,1’-bis(bromomethyl)-3,3’-biisoquinoline (E): A mixture of 1,1'-dimethyl-3,3'biisoquinoline (0.10 g, 0.35 mmol), N-bromosuccinimide (NBS) (0.19 g, 1.05 mmol), and
azobisisobutyronitrile (AIBN) (0.003 g, 0.014 mmol) in CCl4 (50 mL) was heated at reflux for 3
hours. The mixture was cooled to room temperature and evaporated. The solid was then stirred in
methanol (15 mL), filtered off, washed with methanol further, and dried. Finally, it was
recrystallized from toluene to afford 1,1'-bis(bromomethyl)-3,3'-biisoquinoline. However, the
product formed was a very small amount and an exact yield could not be determined. 1H NMR
(400 MHz, CDCl3): δ 8.93 (s, 2H), 8.29 (d, J = 8.2 Hz, 2H), 8.05 (d, J = 7.9 Hz, 2H), 7.71 (dt, J
= 23.3, 7.3 Hz, 4H), 5.17 (s, 4H).
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III.

Synthesis of 3-Ru-BPY

Figure 16: This figure shows a line drawing for the target 3-Ru-BPY complex.

Initially, we attempted to synthesize the product shown in Figure 16 by adding the 3-Ru
precursor (0.075 g) along with 4,4’-bipyridine (0.172 g) and 25 mL 3:1 CH3CN:H2O solution.
We refluxed this for a week under N2 at 92 °C but formed no product. An additional method was
hypothesized to create the dinuclear ruthenium complex. Compound 3-Ru was added with 4,4’bipyridine and 5 mL acetone and refluxed under N2 at 50 °C. However, this route was also
unsuccessful and showed unreacted starting materials.
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Results and Discussion
I.

Analysis of 3-Ru

Upon the successful synthesis of 3-Ru, we compared the 1H NMR to a known literature
value to ensure we had formed the product.35 The solid product was weighed out to make an
acetonitrile solution for photocatalysis. Once photocatalysis was initiated as previously
described, we obtained the gas chromatogram shown in Figure 17 and assessed the area under
the CO signal to determine the TON for CO2 reduction.

Figure 17: This figure shows a representative gas chromatogram obtained from the
photocatalysis reaction of 3-Ru at 4 hours without added ligand. The x-axis indicates time while
the y-axis indicates peak height.
The main takeaway from Figure 17 is the prominence of the two peaks at 0.64 and 1.76
minutes which correspond to the peaks of CO and CO2, respectively. The area under each curve
can be more accurately depicted, as in Figure 18 below. It is important to note that very
minuscule quantities of H2 gas and CH4 were also produced from some reactions, but as CO is
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the major product, this is the only product focused on in this project. Furthermore, this indicates
that the 3-Ru catalyst used is very selective for CO over other CO2 reduction products and H2.

Figure 18: This figure provides a close-up of the CO peak seen in Figure 17 at 0.67 minutes
along with its respective area in µV⸱s.
Avg TON
Avg TON
Avg TON
Avg TON
Time (h)
3-Ru +
3-Ru +
3-Ru +
3-Ru + Pz
PPh3
Bu4NCl
Bu4NCN
0
0
0
0
0
0
0
0.17
26
9
23
20
4
8
0.5
61
39
54
45
24
40
1
79
66
65
69
47
60
2
82
78
80
75
71
74
4
76
60
100
85
120
83
24
71
67
101
83
94
81
Table 2: This table summarizes the average (Avg) TON values for CO production determined by
Avg TON
3-Ru

Avg TON
3-Ru + Py

GC analysis of the photocatalysis reaction of the 3-Ru catalyst in the absence and presence of
different added ligands at the specified time intervals.
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Figure 19: This figure depicts the average TON of each added ligand at a concentration of 1
mol% with 3-Ru under photocatalysis conditions.
For each photocatalysis reaction, the CO production generally increased for at least 2
hours, but some reactions continued to produce CO for up to 4 hours before plateauing. The
baseline run in acetonitrile had the highest production rate of CO in the first 2 hours but later the
production ceased. Overall, pyrazine had the highest TON after 4 hours, coming in at 120 TON,
meaning it was able to produce the most CO at 0.1 mM concentration in comparison to the other
added ligands and relative to 3-Ru itself. Given the quantifiable difference in TON values, we
expect that successful ligand substitution at an axial position was achieved. Because
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triphenylphosphine and pyrazine were able to produce more CO than the baseline sample, we
deduce that a small but reproducible trans effect with these two ligands was responsible for the
enhanced stability and larger TON for CO production. Furthermore, a trend is observed from the
results with added ligands that can be related to the spectrochemical series. The two best
additives of those investigated were triphenylphosphine and pyrazine, which are both good acceptors and strong-field ligands. We reason that their role may be to make the ruthenium
catalyst easier to reduce in order to access the catalytically-active species. While cyanide is also
a good -acceptor, it is a negatively charged ligand, so addition of tetrabutylammonium cyanide
would result in a cyano complex with a decreased overall charge on the complex of +1. This
could make the initial compound harder to reduce. Furthermore, chloride is a weak-field ligand
and also negatively charged which gave similarly poor results. Again, this may be associated
with reduction of the catalyst to produce a reduced intermediate or it suggests that these ligands
are not able to labilize the trans acetonitrile ligand. Lastly, pyridine provided unexpected results
as it is a relatively good p- acceptor ligand, but in this case, poor performance was observed,
indicating that stronger -acceptor ligands are required.
With the increased performance with the pyrazine additive on 3-Ru, we wanted to test
whether the efficiency of CO2 reduction would be affected by a slightly more polar solvent,
DMF, as well as different concentrations. As can be seen in Figure 20 below, using DMF as the
solvent was highly ineffective and lowered the efficiency of the catalyst tremendously. It was
hypothesized that this was due to DMF forming a stronger bond with the ruthenium at the axial
positions relative to acetonitrile and thus impeding dissociation to provide an available
coordination site for CO2 binding. However, further tests are needed to verify this reasoning.
Furthermore, it is evident from Figure 21 that lowering the concentration of pyrazine to 0.05
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mM also results in lower TONs for CO production with 3-Ru. However, it can also be seen in
Figure 22 that the lower pyrazine concentration sample produced a lot more H2 gas over 72
hours than the other samples. This was an interesting observation given the catalyst’s selectivity
for CO in every other case that we measured.

Figure 20: This figure demonstrates the average TON of 3-Ru with the pyrazine ligand additive
using different solvents, acetonitrile (CH3CN) and N,N-dimethylformamide (DMF).
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Figure 21: This figure exemplifies the average TON for CO production of 3-Ru with the
pyrazine ligand additive at different concentrations.
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Figure 22: This figure shows the H2 TON produced by 3-Ru with different concentrations of
added pyrazine in comparison to the CO TON.
To further probe the effect that the concentration of ligand additive may have, we
performed a similar study with tetrabutylammonium cyanide. In contrast to our pyrazine results,
we did not observe a significant concentration dependence with added Bu4NCN as can be seen in
Figure 23.

32

Figure 23: This figure shows the average TON of 3-Ru with the tetrabutylammonium cyanide
ligand additive at different concentrations.
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I.

Analysis of 6,6’-bis(bromomethyl)-2,2’-biisoquinoline

We were successful in the synthesis of 1-methyl-isoquinolin-3-ol from the reactants 1phenylethylamine, CH2Cl2, and ethyl diethoxyacetate. Around this time, complications arose
with my research due to the Covid-19 pandemic regarding access to the laboratory, so the project
was passed onto my lab partner, graduate student Anthony Devdass, who was able to
successfully prepare to 6,6’-dimethyl-2,2’-biisoquinoline. Below are the 1H NMR spectra of the
products that Anthony and I synthesized for this project. However, work is ongoing regarding the
synthesis of the last step as attempted syntheses have been unsuccessful to-date.

Figure 24: This figure shows the 1H NMR spectrum of N-benzyl-diethoxyacetamide (A).
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Figure 25: This figure shows the 1H NMR spectrum of 1-methylisoquinolin-3-ol (B).
1-methylisoquinolin-3-yl-4-methylbenzenesulfonate (C):
We were able to successfully synthesize 3-yl-4-methylbenzenesulfonate. 1H NMR (300
MHz, CDCl3): δ 8.08 (d, J = 8.4 Hz, 1H), 7.92 (d, J = 8.3 Hz, 2H), 7.81 (d, J = 8.2 Hz, 1H), 7.68
(t, J = 7.0 Hz, 1H), 7.57 (t, J = 7.6 Hz, 1H), 7.38 – 7.31 (m, 3H), 2.82 (s, 3H), 2.46 (s, 3H).
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Figure 26: This figure shows the

1

H NMR spectrum of 1-methylisoquinolin-3-yl-4-

methylbenzenesulfonate (C).
1,1’-dimethyl-3,3’-biisoquinoline (D):
We were able to successfully synthesize 1,1’-dimethyl-3,3’-biisoquinoline. 1H NMR (300 MHz,
CDCl3): δ 8.72 (s, 2H), 8.07 (d, J = 8.3 Hz, 2H), 7.91 (d, J = 8.1 Hz, 2H), 7.61 (t, J = 7.2 Hz,
2H), 7.51 (t, J = 7.7 Hz, 2H), 3.03 (s, 6H).

36

Figure 27: This figure shows the 1H NMR spectrum of 1,1’-dimethyl-3,3’-biisoquinoline (D).
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Figure 28: This figure shows the
biisoquinoline (E).

1

H NMR spectrum of 1,1’-bis(bromomethyl)-3,3’-

38

II.

Analysis of 3-Ru-BPY

After the analysis conducted on 3-Ru using ligand substitution to observe the trans effect, we
sought to prepare a dinuclear version of 3-Ru using 4,4’-bipyridine as a bridging ligand.
However, we were unsuccessful in the synthesis of the target catalyst as we did not observe a
shift in the 1H NMR peaks shown in the spectrum below (Figure 29).

Figure 29: This figure shows the 1H NMR spectrum obtained for the 3-Ru-BPY reaction.
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Conclusions
We have attempted to synthesize 3-Ru, 6,6’-bis(bromomethyl)-2,2’-biisoquinoline, and 3-RuBPY with success in the first one. We had partial success with the synthesis of the second
complex, having to halt the progress due to synthetic complications, and we failed to synthesize
the third. The photocatalytic reduction of CO2 to CO using the 3-Ru catalyst using substituted
ligands provided varying results. 3-Ru-Pz and 3-Ru-PPh3 provided TONs higher than the
control producing 120 and 101 TON, respectively, as depicted in Figure 19. Overall, the
substantial performance of 3-Ru-Pz led to the experimentation of different concentrations of
catalyst and pyrazine ligand in which it was determined that 0.1 mM of each yielded the best
results (Figures 21 and 22). Furthermore, we tested the effect of a different solvent, comparing
DMF to the CH3CN solution used in the other samples. It was determined that CH3CN
performed as a better leaving group for CO2 reduction in comparison to DMF (Figure 20).
Additionally, the major product in the photocatalysis of this self-sensitized photocatalyst (3-Ru)
was CO, indicating a high selectivity of CO2 reduction to CO with only very small amounts of
H2 and CH4 gases produced. The ability of this catalyst to subtly increase the TON for CO
production indicates that ligand substitution can occur and that a trans effect can be employed to
improve catalysis. In conclusion, the efforts conducted in this project have furthered the
progression of metal catalysts for CO2 reduction using light irradiation.
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